INTRODUCTION
Microbial food webs, basically constituted by autotrophic pico-and nanoplankton, heterotrophic bacteria, virus and protozoa, predominate in oligotrophic stratified waters (e.g. Legendre & Le Fèvre 1989 , Kiørboe 1993 , Legendre & Rassoulzadegan 1995 . In these systems, the dissolved organic pathway has been recognised as of great relevance for the transfer of matter through the planktonic food web (e.g. Azam et al. 1983 , Legendre & Le Fèvre 1995 .
Given that most oceanic regions are oligotrophic (see Longhurst 1998) , major fluxes of organic matter in the ocean are likely to be channelled through the dissolved pool into bacteria and the microbial loop (Azam 1998) , making it necessary to invoke processes such as cell lysis (e.g. Bratbak et al. 1990 or grazing (e.g. Jumars et al. 1989 , Nagata & Kirchman 1992 , besides algal physiology, to explain the relatively large fluxes of recently photosynthesised organic matter to the dissolved organic carbon (DOC) pool.
ABSTRACT: Rates of particulate organic carbon (POC) production, dissolved organic carbon (DOC) production and bacterial production were measured at 8 stations in the eastern North Atlantic Subtropical Gyre during August 1998. The euphotic-depth-integrated POC rate was on average 27 mg C m -2 h -1 . The corresponding averaged integrated DOC production rate was 5 mg C m -2 h -1 , i.e. about 20% of the total primary production. No statistically significant relationship was found between the rates of POC and DOC production, suggesting that other processes besides phytoplankton exudation, such as cell lysis or protist grazing, could be implied in the release of dissolved organic materials to the oceanic environment. Euphotic-depth-integrated bacterial biomass and production were on average 214 mg C m -2 and 1.4 mg C m -2 h -1 , respectively. The lack of correlation between the rates of DOC release and bacterial activity and a bacterial carbon demand (BCD, calculated using an estimated bacterial growth efficiency ranging from 11 to 18%) in excess of DOC production suggested the existence of additional organic carbon sources (both allochthonous and/or autochthonous reservoirs), apart from in situ phytoplankton-derived DOC production, for the maintenance of bacterial activity in this region during summer 1998. This uncoupling between phytoplankton and bacterioplankton could partially explain the heterotrophic metabolic balance in this oligotrophic region during summer 1998. KEY WORDS: Phytoplankton · Bacteria · Primary production · DOC production · Bacterial activity · Coupling · North Atlantic Subtropical Gyre
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About 50% of daily photosynthetic production is utilised by heterotrophic bacteria (e.g. Ducklow & Carlson 1992 , Williams 2000 ; however, estimations of the magnitude of DOC fluxes through the microbial system are highly variable, representing from 2 to 1000% of primary production (Williams 2000) . Most of these estimations derive from modelling or indirect approaches (e.g. from bacterial growth rate or microbial respiration measurements), and therefore are constrained by the uncertainty and difficulty concerning the conversion of microbial metabolism rates into geochemical mass units (C-based estimates). On the other hand, direct measurements of DOC production rates resulting from short incubations are very rare, especially in the oligotrophic ocean.
Direct determinations by Teira et al. (2001b) , covering a wide productivity spectrum in the Atlantic Ocean, showed that the contribution of DOC production by microbial populations to primary production ranged between 4 and 42%, being larger in oligotrophic waters. Unfortunately, the technique usually employed for direct measurement of DOC production rates by natural microbial populations is based on the release of labelled dissolved organic materials and does not distinguish between the DOC contributions of different processes within the microbial community. Nevertheless, the analysis of the relationship between the rates of particulate organic carbon (POC) and DOC production provides valuable information about changes in the relative magnitude of DOC fluxes along productivity gradients (Baines & Pace 1991) as well as about the processes involved in the release of dissolved organic matter. A significant relationship between POC and DOC production rates would be expected if algal exudation were the main mechanism controlling DOC production. Moreover, if the recently released DOC, either through trophic or physiological processes, constituted the major supply of substrate for pelagic bacterial production, a positive relationship might be observed between rates of bacterial production and phytoplankton-derived in situ DOC production. The analysis of the relationship between bacterial production and phytoplankton-derived in situ DOC production allows the study of the coupling between bacteria and phytoplankton, whereby coupling represents the general dependence of bacteria on the DOC supplied by algae (see Morán et al. 2001) .
Bacterial production in the open ocean depends not only on DOC supply, which largely originates from phytoplankton, but also on DOC composition (e.g. Kirchman 1990 ). Therefore, the production of semilabile phytoplankton-derived DOC, mainly associated with grazing and/or cell lysis, could induce uncoupling between the autotrophic and heterotrophic compartments (Blight et al. 1995) , which would ultimately result in temporal offsets between the processes of DOC production and consumption. In this connection, recent studies have measured rates of bacterial carbon utilisation exceeding rates of primary production in oligotrophic environments (e.g. Hansell et al. 1995 , del Giorgio et al. 1997 .
Within this context, we measured rates of DOC production by microbial populations as well as bacterial biomass and production in the oligotrophic eastern North Atlantic Subtropical Gyre during August 1998, with the aims of (1) investigating the spatial variability in the fraction of recently photosynthesised carbon contributed by the DOC pool to the total amount of carbon photoassimilated by phytoplankton, commonly defined as percentage of extracellular release (PER), (2) determining which processes or variables are relevant in the control of DOC production in this region, and (3) establishing the extent of coupling between phytoplankton and bacteria in relation to the carbon fluxes through the microbial community.
MATERIALS AND METHODS
Sampling region. The rate of DOC production by microbial populations as well as bacterial abundance and production rates were measured at 8 stations (biological stations) along 2 transects (A and B) during Cruise 'Azores-1' in the eastern North Atlantic Subtropical Gyre in August 1998 (Fig. 1) . Vertical profiles of temperature, salinity and fluorescence were obtained at the biological stations and at additional (CTD) stations with a Neil Brown Mark III CTD attached to a rosette sampler equipped with 10 l Niskin bottles. Photosynthetically available radiation (PAR) was measured with a light PAR sensor. Rates of POC, DOC and bacterial production, as well as bacterial and microzooplankton abundance and biomass were measured only at biological stations.
POC and DOC production rates. At each station, five 30 ml samples were collected at 5 selected depths from the euphotic layer, inoculated with 1480 kBq (40 µCi) of NaH 14 CO 3 and incubated in an on-deck incubator that simulated the irradiance experienced by the cells at the original sampling depths. Incubations were run for 2 h to minimise concurrent bacterial consumption of recently released DOC during the incubation period (see review in Fogg 1983) . The bottles were kept refrigerated by pumping surface seawater into the incubator. Previous studies did not show statistically significant differences between primary production estimates derived from on-deck and in situ incubation procedures (Joint et al. 1993) . After the incubation period, two 8 to 10 ml subsamples were drawn from each bottle and filtered by gravity through Millipore APFF glass-fibre filters (approximate pore size 0.45 µm). Filtrates were acidified with 40 to 75 µl of HCl 50% (until a pH value around 2 was reached) and bubbled with CO 2 -free air for 12 h. Filters were decontaminated by exposure to concentrated HCl fumes for 12 h. Scintillation cocktail was then added to both filters and filtrates. Duplicate blank tests were run in parallel by inoculating and immediately processing 0.2 µm-filtered seawater in the same way. This blank test was used as control for 14 C stock purity and to check the efficiency of the decontamination process (Berman & Holm-Hansen 1974 , Mague et al. 1980 ). This control is recommended since the zero-time values for filtrates are always significantly higher than blank values due to some interaction with particulate matter during the few seconds of exposure after inoculation (see Mague et al. 1980) . Radioactivity was measured on both filters (POC production, POCP) and filtrates (DOC production, DOCP) with an LKB β-scintillation counter. Quenching corrections were made using an external standard. Filtrate blank values were on average 187 ± 22 SE dpm for all the experiments. The mean (± SE) variation coefficient for the replicate measurements of POC and DOC production rates was 19 ± 1 and 32 ± 2%, respectively.
Daily POCP rates were calculated from hourly rates using the equation of Straskraba & Gnauck (1985) . Daily DOCP rates were estimated assuming that either the release of dissolved material occurs only during the light period (DOCP light ), which would be expected if DOCP were closely related to the photosynthetic process, or that DOC release takes place at the same rate during the light and dark periods (DOCP 24 h ), which may be reasonable if trophicrelated processes (grazing, cell lysis) were mainly implicated in the release of dissolved materials. Therefore, the actual rate of daily DOCP must lie within these 2 extreme estimations.
Two recent papers have explicitly questioned the adequacy of using glass-fibre filters for measuring POC and DOC production (Karl et al. 1998 ) because of 14 C-DOC adsorption onto these type of filters. Consequently, the DOC production rates reported here should be considered as conservative estimations. However, the use of different type of filters (e.g. membrane filters) has not been proved to render more accurate estimations of POC and DOC production rates (Karl et al. 1998 . The high capacity of glass-fibre filters to retain picoeukaryotes has frequently been reported (e.g. . Accordingly, we are confident that the dissolved fraction can include only bacteria, virus and colloidal particles.
Daily gross primary production (GPP) was calculated as the sum of POCP and DOCP light . Daily net primary production (NPP) was estimated as in Marañón et al. (2000) , assuming that dark respiratory losses represent 20% of daily POCP (NPP = POCP · 0.8 + DOCP light ).
Bacterial abundance. Using an epifluoresce microscope, bacterial abundance was measured by direct counts of samples collected on black polycarbonate filters (Porter & Feig 1980) . Samples were fixed with glutaraldehyde (final concentration 2.5% vol/vol) and kept in the dark at 4°C until further processing ashore. Subsamples (2 ml) were taken and stained with DAPI (4'-6-dianimo-2-penylindone) for 5 min in the dark, and then filtered through 0.2 µm, 25 mm diameter polycarbonate filters under a low vacuum pressure (<150 mm Hg). The filters were assembled on a slide with low fluorescence oil, and kept in the dark until visualisation. Bacterial enumeration was performed for a minimum of 10 randomly selected areas. The samples were observed with a Nikon microscope equipped with a 100 W mercury lamp for epifluorescence illumination, and a block of UV-2B filters for UV light. Counting was made using a UV light at ×1000 magnification. Bacterial numbers Z (bacteria ml -1 ) were obtained from the following expression:
where 176.71 is the effective filter area, N represents the average number of micro-organisms counted in each sample, A is the counting area (mm 2 ), D the sample dilution, and V the filtered volume. Cell abundance was transformed to bacterial carbon biomass (BB) using the average cell density reported by Christian & Karl (1994) of 0.12 pg C µm -3 . Average bacterial biovolume (BV) was assumed to be the value calculated by for the same region and season. These authors reported an average early morning BV of ca. 0.1 µm 3 cell -1
, which results in a bac-terial carbon content of 12 fg C cell -1
. The average bacterial carbon content estimated in this study lies within the range of values reported by Bode et al. (2001) for oceanic waters near the Canary Islands in summer 1998 (17 fg C cell -1 ), by Zubkov et al. (2000) for the Atlantic Ocean (7 fg C cell -1 ) and by for the Sargasso Sea (4 to 7 fg C cell -1 ), and is very similar to the average bacterial carbon content calculated from direct measurements by Fukuda et al. (1998) for oceanic environments.
Bacterial production. Bacterial production was estimated from [ ). After incubation, an equal volume of ice-cold 5% (wt/vol) trichloroacetic acid was added to each subsample. After 5 min on ice, the samples were filtered through 0.2 µm pore-size cellulose ester membrane filters with a vacuum pressure of <150 mm Hg and rinsed 5 times with 1 ml of ice-cold 5% (wt/vol) trichloroacetic acid. The filters were then dried at room temperature and placed in scintillation vials and 1 ml of ethyl acetate was added to dissolve the filters; 15 min later, 10 ml of scintillation liquid was added to each vial and radioactivity was measured on an LKB β-scintillation counter. Bacterial production (BP), in cell l -1 h -1
, was estimated from [ . The conversion factor (CF) used was 1.18 × 10 18 cell mol -1 Td (Ducklow 1993 ), a conservative value within the 'theoretical' range proposed by Fuhrman & Azam (1980 , 1982 . It represents incubation time. We used an estimated bacterial carbon content of 12 fg C cell -1 , as described in earlier subsection 'Bacterial abundance'. The variation coefficient for the BP measurements was always lower than 20%.
The bacterial growth efficiency (BGE) was estimated from the water temperature using the empirical model of Rivkin & Legendre (2002) . Bacterial carbon demand (BCD) was calculated from volumetric rates of BP and the estimated BGE (BCD = BP/BGE). Bacterial respiration (BR) was estimated as the difference between BCD and BP. The average BGE derived was 0.15, and ranged between 0.11 and 0.18. BGE measurements reported in the literature for the Sargasso Sea range from 0.04 to 0.19 (Hansell et al. 1995 .
Microzooplankton biomass. To assess the composition, abundance and biomass of microzooplankton, at the biological stations (except at Stns 19 and 21) water samples were drawn from 2 to 4 selected depths. Samples were fixed in pre-added acid Lugol solution (5% final concentration) and stored at 5°C in the dark. Preceding analysis, the whole samples were settled in 500 ml test tubes for at least 6 d. The upper 450 ml of each sample were gently siphoned off and discarded, and the remainder of the samples allowed to settle for a minimum of 20 h in 25 mm ∅ Utermöhl chambers. The samples were then analysed under a phasecontrast Olympus IMT-2 inverted microscope at magnifications of ×150, ×400 or ×600. To account for the possibility of cell losses during the sedimentation process, a correction factor (i.e. 1.3 for small dinoflagellates and no correction for small ciliates and larger protists) was obtained from the average number of cells remaining in the discarded portions of 5 samples. To estimate microzooplankton biomass, linear dimensions of dinoflagellates and ciliates were measured with an image-analysis system attached to the inverted microscope and converted to volumes assuming simple geometric shapes, as recommended by Hillebrand et al. (1999) . Carbon content was estimated from volume using 0.19 pg C mm -3 for Lugol-preserved ciliates (Putt & Stoecker 1989 ) and according to the method of Menden-Deuer & Lessard (2000) for dinoflagellates. Although photosynthetic dinoflagellates are known to perform phagotrophy or extracellular digestion (Gaines & Elbrächter 1987) , only phagotrophic or mixotrophic genera according to Lessard & Swift (1986) and Gaines & Elbrächter (1987) were considered.
Euphotic zone integration. Euphotic-zone-integrated values of bacterial biomass and POC, DOC and bacterial production were obtained by trapezoidal integration of the volumetric data down to the depth of 1% surface incident irradiance. Euphotic zone depth ranged from 80 to 120 m.
RESULTS

Thermohaline and chlorophyll a fluorescence distribution
The thermal structure of the water column in both transects (A and B) shows the prevalence of strong vertical stratification (Fig. 2) . The northward sloping of the 16 to 18°C isotherms, and specifically the location where the 16°C isotherm reaches 200 m, are valuable indicators of the position of the subtropical frontal boundary (Gould 1985 , Fernández & Pingree 1996 which separates warmer, more haline, Western Atlantic water from colder and less saline Eastern Atlantic water. In this study, the subtropical frontal (STF) boundary was located between 34 and 35°N in both transects. The vertical distribution of salinity (Fig. 2b ) also distinguishes the STF boundary. Uplifting of isotherms and isohalines at Stn 14 indicates the presence of colder and fresher water in the subtropical side of the frontal zone. A more detailed description of the large and meso-scale hydrographic variability during this cruise has been made by Pérez et al. (2003) . The lowest chlorophyll a fluorescence values (< 0.1 arbitrary units) were found in the upper water column (about 40 m) and in deeper waters (< 0.2 arbitrary units below 100 to 150 m) along both transects (Fig. 2c) . Chlorophyll a fluorescence showed a maximum at around 100 m in both sections, which became slightly shallower in the proximity of the STF in Transect A and around Stn 14 in Transect B. The maximum values of chlorophyll a fluorescence were found in the western transect close to the southern boundary of the STF, between Stns 19 and 21. Typical values of chlorophyll a concentration reported previously for the studied area we lower than 0.1 mg m -3 in surface waters, and between 0.2 and 0.4 mg m -3 in the subsurface chlorophyll a maximum (Marañón et al. 2000 , Serret et al. 2001 ).
POC and DOC production rates
Rates of POC production were not always related to chlorophyll a fluorescence (Fig. 3) . The depth of the maximum POC production rate was variable, mainly in Transect A, ranging from 35 m at Stn 27 to 120 m at Stn 35, whereas the location of the chlorophyll a fluorescence maximum varied between 70 and 100 m. . We did not find any general pattern for the vertical distribution of DOCP rates in this oligotrophic region. Maximum values were measured either in surface waters (Stns 19, 35, 17 and 11) or close to the deep chlorophyll a fluorescence maximum (Stns 21, 27, 34 and 14) . As a consequence of the lack of coupling between the rates of POC and DOC production, the vertical distribution of the fraction of recently photosynthesised carbon contributed by the DOC pool to the total amount of carbon photoassimilated by phytoplankton (i.e. the percentage of extracellular release, PER) showed different patterns between stations. At those stations where maximum rates of DOC production were found at the surface, the PER profile followed an almost continuous decreasing trend with increasing depth. In contrast, at stations where maximum DOC production rates were measured near the chlorophyll a fluorescence maximum, a more irregular pattern was observed, with higher PER values generally found in deeper waters. PER values estimated from hourly rates varied from 2 to 65%, and averaged 19 ± 2 (SE)%.
Daily euphotic-depth-integrated POCP rates ranged from 129 to 715 mg C m -2 d -1 (Table 1 ). The highest value was measured at Stn 35, located on the northern margin of the STF. Integrated POC production values were similar to those measured by Fernández & Pingree (1996) ) values associated with the frontal area. We only found a clear productivity enhancement in relation to the frontal area in the northern extreme of the STF boundary in the western transect (Stn 35). Our measurements (with the exception of Stn 35) fit well with previous primary production estimates in the NE subtropical Atlantic region which ranged between 0.1 and 0.4 g C m -2 d -1 (Frazel & Berberian 1990 , Jochem & Zeitzschel 1993 , Fernández & Pingree 1996 , Marañón et al. 2000 , Robinson et al. 2002 . Daily euphotic-depthintegrated DOC production rates, estimated considering both that the release of dissolved materials occurs only during the light period (DOCP light ), and that DOC release takes place also throughout the dark period (DOCP 24 h ), were less variable than POC production rates (Table 1) . It is important to note that different PER values are obtained depending on whether DOC production rates integrated for the light period or for 24 h are used. This must be taken into account when comparative analysis are made between previously published results and the data presented in this paper. Depth-integrated DOC production estimates for the light period were of the same magnitude as those obtained by Thomas (1971) in the western Sargasso Sea (data from 1 station) and Choi (1972) in the Gulf Stream (data from 3 stations), where the corresponding PER values ranged from 13 to 34%. To our knowledge, the measurements in the present study are the first DOC production measurements reported for the oligotrophic North East Atlantic Subtropical Gyre.
The great variability in PER values in the present study contrasts highly with the low and almost constant PER values (<10%) obtained in both exponentially growing cultures and productive conditions (Nagata 2000 and references therein, Teira et al. 2001a) .
Statistically significant relationships between POC and DOC production were not obtained either for volumetric (p = 0.436, n = 39) or integrated (p = 0.338, n = 7) rates. A possible explanation for this lack of correlation between POC and DOC production could be the predominance of trophic processes leading to cell breakage (grazing, lysis) over physiological processes (exudation) in the release of dissolved organic materials.
In order to assess the potential trophic control of DOC production in this investigation, we compared the measured rates of extracellular release with microzooplankton biomass values obtained from those depths were both variables were concurrently determined. Microzooplankton abundance and biomass ranged respectively from 1.2 to 3.3 × 10 3 cell ml -1 and from 0.40 to 2.53 mg C m -3 , being generally higher in the northern side of the STF boundary (Stns 11 and 35). About 74% of the total biomass corresponded to the > 20 µm microzooplankton size fraction, with a relatively higher contribution of small organisms (38%) at Stn 35. Ciliates were less abundant than dinoflagellates, and represented on average 62% of the total microzooplankton biomass. We failed to find any statistically significant relationship between DOC production rates and microzooplankton biomass, either between total microzooplankton biomass and DOC production or between ciliate or dinoflagellate biomass and DOC production (p > 0.7, n = 14).
Bacterial biomass and production
Bacterial abundance and biomass ranged between 1 and 4 × 10 5 cells ml -1 and between 1.2 and 4.9 mg C m -3 , respectively (Fig. 4) . The bacterial abundance measured in this investigation, was well within the range of typical values reported for comparable waters. It was very similar to that reported by Zubkov et al. (1998) ). However, our measurements were, on average, about 2-fold lower than the values reported by González et al. (2001) for the subtropical North Atlantic in August 1998 and by for the same region in August 1996. Although the bacterial abundances reported by González et al. (2001) and ourselves were obtained on the same cruise, caution must be taken in comparing the two sets of data, since different methods for bacterial quantification were used -flow cytometry by Gonzá-lez et al. (2001) and microscopic observation in the present study (see Sieracki et al. 1995) . , averaging 0.014 ± 0.002 (SE) mg C m -3 h -1 (Fig. 4) . Maximum values were observed at between 60 and 120 m in Transect A, whereas maximum rates were found at the surface in Transect B. Specific growth rate of the bacterial assemblage, calculated as the natural logarithm of the relative increase in bacterial carbon biomass, ranged from 0.017 to 0.523 d ), and by ) in the subtropical North Atlantic during September 1995. All these estimations are lower than the euphotic zone average (0.5 to 2 g C m -2 ) across a range of oceanic systems given in a recent review by Ducklow (2000) , even considering that all his biomass estimations were based on a conversion factor of 20 fg C cell -1
. The average BP rate obtained in this study (Table 1 ) was 3-fold higher than the rate reported by Zubkov et al. (2000) during September 1995 for the subtropical North Atlantic, and very similar to the mean value given by for the Sargasso Sea and by González et al. (2001) for the same region during April 1999. The mean BP:NPP ratio was in the lower extreme of the global average (0.1 to 0.2) calculated for the oceans (Ducklow 2000) .
No significant relationship was found between BB or BP and DOC production (p > 0.2, n = 34), which suggests that recently phytoplankton-derived DOC production was not the main carbon source for bacterial metabolism in this oligotrophic region at the time of ; calculations and conversion factors are explained in 'Materials and methods'. PHYT: phytoplankton; BACT: bacteria; BGE: bacterial growth efficiency; ZOO: zooplankton; *microbial respiration the survey. Also, no correlation was observed between BB or BP and microzooplankton biomass (p > 0.1, n = 15). Using the BGE derived form the model by Rivkin & Legendre (2002) (see 'Materials and methods'), the bacterial carbon demand (BCD) globally exceeded DOC production (Fig. 5 ) and no statistical relationship was observed between the 2 variables (p = 0.816, n = 34), indicating that phytoplanktonderived in situ DOC production by the microbial community was not enough to fulfil bacterial metabolism. However, a significant relationship between BCD and DOC production was found when considering only data below the line of Slope 1 (log BCD = 0.70 log DOCP -0.67, r 2 = 0.69, p = 0.0016, n = 11). Integrated BCD was, on average, 2-to > 3-fold higher than integrated DOC production when DOCP is assumed to take place during 24 h or during the light period, respectively (Table 1 ). There were 2 stations which had a BCD:DOCP 24 h ratio <1, indicating that in those cases, concurrent DOCP by microbial populations could be sufficient to maintain bacterial activity. However, this does not necessarily imply that bacteria and phytoplankton are coupled. We analysed the relationship between volumetric BCD and DOCP using only data from these 2 stations (14 and 17), and found no significant relationship between the 2 variables, arising from the fact that 3 out of 9 data points were located above the line of Slope 1. Therefore, the degree of coupling between bacteria and phytoplankton showed great variability with depth, although we did not observe any general pattern: data points below or above line of Slope 1 originated either from surface or from deeper waters.
Carbon flow through microplankton in eastern North Atlantic Subtropical Gyre during summer
Carbon fluxes through the microplankton community in the euphotic zone of the North Atlantic Subtropical Gyre during August 1998 were computed using all the rates quantified and estimated in this study, and the averaged O 2 community respiration rate measured by González et al. (2001) in the same region during the same cruise (Fig. 6) . The average community respiration rate given by González et al. (2001) was transformed to carbon units using a respiratory quotient equal to 0.8 (Robinson et al. 2002) . BCD was calculated using an estimated BGE, as explained described in 'Materials and methods'. Bacterial respiration (mean ± SE), derived from the estimated BCD, amounted on average to 189 ± 29 mg C m -2 d -1 , representing 12 ± 2% of the total microbial respiration. Mean (± SE) phytoplankton respiration (86 ± 15 mg C m -2 d -1
) was assumed to be 20% of gross primary production (for details see 'Materials and methods'), and contributed 6 ± 1% to total microbial community respiration. The net balance between primary production and microbial community respiration was heterotrophic, and the DOC flux was clearly insufficient to fuel bacterial growth and respiration. The average PER (mean ± SE) varied between 18 ± 3 and 33 ± 6% of total primary production, depending on whether a constant DOC release during the light period or during a 24 h period is considered. Phytoplankton-derived in situ DOC production (mean ± SE) would meet on average between 30 ± 10 and 50 ± 10% of BCD. The need for additional inputs of organic matter to sustain heterotrophic bacterial activity implies an uncoupling between phytoplankton and bacterioplankton dynamics. The ratio between BCD and NPP averaged 0.72 ± 0.13 (± SE), and was very similar to that (0.72 ± 0.11) obtained using the empirical model of Hoppe et al. (2002) , who related the BCD:PP ratio directly to the meridional profile of the water temperature.
DISCUSSION
Potential mechanisms of DOC production in the oligotrophic North Atlantic Subtropical Gyre
It is now well established that although most of the DOC in the ocean ultimately derives from phytoplankton, there are several mechanisms besides phytoplankton exudation involved in the release of dissolved organic substances to the marine environment (see review of Nagata 2000). Although it is not clear yet what the actual mechanism of phytoplankton exudation (Fogg 1983 , Bjørnsen 1988 ) is, a highly significant relationship between DOC production and photosynthetic rates would be predictable if phytoplankton exudation were the main process whereby DOC is being released from phytoplankton cells.
We failed to detect any relationship between POC and DOC production rates, using either volumetric or integrated data. This result contrasts with most of the previous attempts to relate both variables (e.g. Baines & Pace 1991 , Morán et al. 2001 , Teira et al. 2001a . What all these studies had in common was that they included data mainly from productive systems, with rates of POC production ranging from > 0.1 to > 45 mg C m -3 h -1
, while the rates of particulate production measured in the present investigation varied between only 0.04 and 0.59 mg C m -3 h -1
. One possible explanation for the lack of correlation between POC and DOC production could be a higher error associated with the measurement of the abovementioned rates in lowproduction environments. However, we discarded this possibility as the mean variation coefficient for replicate DOC production measurements calculated for a productive coastal system using the same methodological protocol (Teira et al. 2001a) was not significantly different from that calculated in this study (Student's t-test, p = 0.057). As suggested in 'Results', the lack of correlation between the rates of carbon fixation and extracellular release in oligotrophic conditions can be interpreted as a predominance of trophic versus physiological processes as sources of DOC in the water column. Earlier (Teira et al. 2001b) , we showed that in oligotrophic environments a higher percentage of PER variability could be better explained by changes in phytoplankton size-structure than by the magnitude of carbon incorporation rates. Important fluxes of photosynthesised materials to the dissolved organic matter (DOM) pool as a result of processes such as phytoplankton cell lysis (Brussaard et al. 1995 , Gobler et al. 1997 or grazing by protozoa (Nagata 2000 and references therein), have been recently related to stratified oligotrophic environments in which small primary producers form the bulk of the photosynthetic organisms and the microbial trophic pathway dominates. Predominance of small phytoplankton is a regular pattern observed in the North Atlantic Subtropical Gyre (Marañón et al. 2000) . Size-fractionated primary production measurements conducted during the Azores-1 cruise along a latitudinal transect between 30 and 38°N and centred at 22°W showed that picophytoplankton accounted for > 55% of the total primary production. In order to investigate the potential role of trophic processes in the release of dissolved materials in the upper water column we first analysed the relationship between DOC production rates and microzooplankton biomass and did not find a significant relationship between the 2 variables. Conceptually, rates of DOC release might be related to protist grazing rates instead of biomass. Although concurrent measurements of microzooplankton grazing and DOC production rates were not carried out in this study, very high rates of microzooplankton grazing (about 80% of daily primary production) were measured in the area by Quevedo & Anadón (2001) , which supports the potentially relevant role of grazing activity on DOC production expected for oligotrophic environments. On the other hand, rates of cell lysis and DOC production could not be compared, as the former were not measured in this study. Agustí et al. (2001) estimated DOC excretion rates derived from phytoplankton cell lysis in the eastern subtropical North Atlantic as about 30% of net primary production, which is within the PER range obtained in this study (20 to 67%) assuming that DOC release occurs over 24 h.
All these considerations suggest that the major supply of substrate for pelagic bacterial production in the oligotrophic subtropical NE Atlantic Ocean might be trophic processes rather than direct algal exudation. If algal exudation were the main source of DOC for bacteria, a positive relationship between BP and DOC production rates should be observed (Søndergaard et al. 1995) . No significant relationships were found between either BB or BP and DOC production rates, which further support the hypothesis of the trophic control of phytoplankton-derived DOC production. Moreover, protist grazing on heterotrophic bacteria (e.g. FerrierPagès et al. 1998 , Kuipers & Witte 2000 , bacterial cell lysis by virus infection (e.g. Fuhrman & Noble 1995 , Thingstad 2000 , and direct release of DOM from bacteria (Stoderegger & Herndl 1998) would lead to the presence of bacterial-derived DOM in the water column, thus contributing to the DOM cycling within the microbial food web.
Uncoupling between phytoplankton and bacteria in the upper subtropical North Atlantic Ocean during summer
As already stated, we use here the term 'coupling' to represent the dependence of bacteria on the concurrent phytoplankton-DOC release by microbial populations. Therefore, only concomitant and accurate determinations of bacterial production and dissolved organic carbon production will allow a proper analysis of the degree of coupling between phytoplankton and bacteria. The results presented in this paper clearly indicate uncoupling between phytoplankton and bacterioplankton at most of the studied stations in the oligotrophic subtropical North Atlantic during summer 1998.
Comparison of BCD with DOC production rates (Fig. 5) , revealed no significant relationship between the 2 variables, and (using an estimated BGE of 0.11 to 0.18) daily euphotic-depth-integrated DOC production accounted only for 30 to 50% of the corresponding average daily BCD (Fig. 6, Table 1 ). Although uncoupling between bacteria and phytoplankton can be concluded from the data in Figs. 5 & 6, it is essential to stress that whereas a negative balance between DOC production and consumption does imply uncoupling between bacteria and phytoplankton, the converse is not necessarily true.
The clear uncoupling between bacteria and phytoplankton derived from the lack of correlation between both variables (as shown in Fig. 5 ) does not depend on methodological assumptions; however, the negative balance between phytoplankton-derived DOC production and subsequent bacterial consumption shown in Fig. 6 was highly dependent on the conversion factors used for the estimation of BP and BR, and therefore conclusions based on this balance must be made with caution, given that BR varies by up to 1 order of magnitude when using the theoretic range of BGE for open-ocean regions (0.03 to 0.27). BCD is usually estimated from BP and an assumed BGE value due to the technical difficulties associated with the measurement of bacterial respiration. Such an assumed value is either taken from the literature or derived by application of an empirical model. The model of del Giorgio & Cole (1998) allows BR to be derived directly from BP rates, whereas a recent model of Rivkin & Legendre (2002) Rivkin & Legendre (2002) , which gives more conservative values for BR. In addition, the uncertainty concerning the transformation of BP rates to carbon units (which depends both on the thymidine conversion factor, TCF, and on bacterial carbon content, BCC) must also be considered. In this regard we also used rather conservative conversion factors compared with those most commonly used in the literature (for TCF, 2.2 × 10 18 cells mol -1 , and for BCC, 20 fg C cell -1
). The relatively low mean BP:NPP (0.11) obtained in the present study may result from an underestimation of the BP rates as a consequence of the conservative conversion factors employed.
The uncertainties involved in the estimation of BR do not allow us to conclude from our results whether the stations studied in the subtropical NE Atlantic showed a net heterotrophic, a balanced or a net autotrophic production/respiration (P:R) balance at the time this study was conducted. Thus, in situ phytoplanktonderived DOC production would be sufficient to support bacterial consumption if a BGE > 0.27 were assumed, although such a value would be higher than the average value (median 0.09, mean ± SD = 0.15 ± 0.12) reported for open-ocean systems (del Giorgio & Cole 2000) . Also, the average daily-integrated BCD would represent >100% of NPP using a BGE < 0.10. This would lead to a net heterotrophic P:R balance, as independently derived for the same region and sampling period by ) from measurements of community respiration estimated from in vitro changes in O 2 concentration after 24 h incubations. A net heterotrophic P:R on short timescales within the North Atlantic Subtropical Gyre was also reported by Duarte et al. (2001) and Serret et al. (2001) , who measured rates of community respiration similar to those obtained by González et al. (2001) . A detailed and rigorous analysis of in vitro determinations of plankton community respiration conducted by Robinson et al. (2002) in the eastern Atlantic showed that the unexpected respiration rates, in excess of gross production, found in the picoautotroph-dominated oligotrophic regions of the Atlantic Ocean was consistent with measured and estimated autotrophic and heterotrophic activity; Robinson et al. (2002) concluded that the community respiration data were not grossly overestimated. Hansell et al. (1995) also found that rates of DOC mineralization represented between 100 and 220% of the primary production of the Sargasso Sea between September 1993 and April 1994. These imbalances clearly indicate an allochthonous supply and/or an autochthonous reservoir of organic carbon (del Giorgio et al. 1997 , Duarte & Agustí 1998 , Duarte et al. 1999 , Robinson et al. 2002 , and thus could partially result from a temporal delay in the consumption by bacteria of previously released phytoplanktonderived DOC.
Independent of this metabolic balance controversy, our results suggest that to assume that the DOC flux equals total BCD is not necessarily valid when phytoplankton and bacterioplankton dynamics are not coupled. Although several studies focussing on the relationship between phytoplankton and bacterioplankton have shown a close coupling between the release of DOC and BP rates (e.g. Lancelot & Billen 1984 , Panzenböck et al. 2000 , Morán et al. 2001 , other studies have found that the in situ production of phytoplankton-derived DOC would be insufficient to support the heterotrophic population (e.g. Williams & Yentsch 1976 , Bode et al. 2001 .
A possible explanation for the bacterial-phytoplankton uncoupling could be the accumulation of DOC during a previous productive period. Several investigations have observed temporal shifts between autotrophic and heterotrophic processes, as reflected by a net heterotrophic P:R balance following periods of high primary production (e.g. Blight et al. 1995 , Sherr & Sherr 1996 , Serret et al. 1999 . The production and accumulation of semilabile DOC, deriving mainly from grazing or cell lysis, would act as a transient carbon reservoir which could sustain microheterotrophic respiration after the decline of the productive period (Blight et al. 1995) . Williams (1995) suggested that dissolved inorganic nitrogen limitation of heterotrophic bacteria consuming DOM with high C:N ratios could explain the accumulation of DOC during summer in the North Atlantic Ocean. The seasonal accumulation of semilabile DOC in the surface layer of the ocean is at present well documented (Carlson et al. 1994 , Yamanaka & Tajika 1997 , Hansell & Carlson 1998 and has been reported by Doval et al. (2001) , who measured an accumulation of semilabile DOC in the upper 100 m of 16.8 g C m -2 in the Azores Front region during August 1998. This seasonal DOC excess could have acted as an autochthonous reservoir and, at least partially, have supported the excess of BCD over DOC production measured in this study. If we assume that BP rate and BGE remain constant over time, the turnover of the accumulated carbon would be, on average, 106 ± 27 (SE) d.
Uncoupling between bacteria and phytoplankton could also result from an allochthonous supply of organic carbon. The potential heterotrophic carbon sources in the eastern Atlantic Ocean have been exhaustively discussed by Robinson et al. (2002) . Duarte et al. (2001) proposed lateral inputs from the productive upwelling areas in the NW African coast as a potentially relevant allochthonous carbon source in the subtropical NE Atlantic. Other allochthonous sources of organic matter that should also be taken into consideration would be atmospheric deposition of DOM through marine rain (Willey et al. 2000) or dust storms (Cornell et al. 1995 , Bory & Newton 2000 , and photochemical production of labile DOC from more refractory molecules (e.g. Mopper et al. 1991 , Bushaw et al. 1996 , Moran & Zepp 2000 . Robinson et al. (2002) estimated that photodegradation would account for only 1 to 2% of the bacterial carbon demand in the eastern Atlantic.
In conclusion, the present study shows a great variability in PER values in the subtropical NE Atlantic Ocean during the summer period that is hypothesised to be related to the predominant role of trophic processes (grazing, cell lysis) as sources of DOC in the oligotrophic ocean. The lack of correlation between the rates of phytoplankton-derived DOC release and bacterial activity during the summer in this oceanic region reflects the uncoupling between both microbial compartments and implies additional organic carbon sources, apart from in situ phytoplankton-derived DOC production, for the maintenance of bacterial activity.
